Background. We used a Monte Carlo computer simulation to estimate the effectiveness and cost-effectiveness of screening for acute hepatitis C virus (HCV) infection in human immunodeficiency virus (HIV)-infected men who have sex with men.
Since 2000, outbreaks of acute hepatitis C virus (HCV) infection among human immunodeficiency virus (HIV)-infected men who have sex with men (MSM) have been reported in Europe, the United States, and Australia [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . HCV infection in HIVinfected MSM is generally sexually transmitted and is associated with substantial morbidity and mortality [14, 15] . Because therapy for acute HCV infection is more effective than that for chronic HCV infection, identifying and treating acute HCV infection represents an opportunity to improve outcomes [16] . Guidelines for screening are emerging. In 2010, the European AIDS Treatment Network (NEAT) recommended HCV antibody (HCV Ab) screening for all HIV-infected persons at enrollment in care, followed by performance of liver function tests (LFTs) every 6 months and HCV Ab screening every 12 months [17] . The US Centers for Disease Control and Prevention Sexually Transmitted Disease guidelines recommend serial monitoring of LFTs and screening for HCV Ab or RNA in HIV-infected MSM with high-risk sexual behaviors [18] .
Uncertainty remains concerning the most appropriate screening test for acute HCV infection, as well as the optimal interval for screening. A randomized trial comparing screening strategies is not feasible, as it would require many comparator arms and long follow-up to ensure adequate power to detect mortality differences [19] . When randomized trials are not possible, model-based analysis provides a method to integrate the costs and benefits of healthcare strategies [20] . We constructed a Monte Carlo simulation model to estimate the effectiveness and cost-effectiveness of strategies for identifying acute HCV infection in HIV-infected MSM.
METHODS
We developed the HEP-CE (HCV cost-effectiveness) model, a Monte Carlo simulation of screening for and treating HCV infection, to simulate the clinical progression of a cohort of HIV-infected MSM enrolling in US guideline-concordant HIV care [21] . We used Treeage Pro (Williamstown, MA) software to build the model. The cohort included both prevalent and incident HCV coinfection. The model simulated strategies for screening for HCV infection, including symptom-based screening, as well as for screening with LFTs, an HCV Ab test, and an HCV RNA test in various combinations and intervals. Individuals with identified HCV infection were eligible for treatment, while those with undetected infection progressed through the natural history of HCV infection. The model projected life expectancy, quality-adjusted life expectancy (QALE), and lifetime costs. The analysis assumed a societal perspective. Costs and QALE were discounted at 3% annually [22] .
Model Structure

Cohort
We simulated a cohort of HIV-infected MSM enrolling in US guideline-concordant HIV care [21] . Cohort characteristics were from published reports [23, 24] HCV Infection Incidence HCV infection incidence was informed by reports from cohorts of HIV-infected MSM [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . In the base case, we assumed that on average individuals remained at risk for new HCV infection until the age of 60 years. Those with spontaneous resolution or who were successfully treated for HCV infection had an elevated risk of reinfection [25] .
Screening Strategies
At enrollment in care, all patients had 1 HCV Ab screen performed to identify prevalent cases of HCV infection. A percentage with incident infection (13%) developed symptoms and received a diagnosis of HCV infection on the basis of their clinical presentation [10] . We considered 10 HCV screening strategies: (1) symptom-based screening, (2) LFTs every 3 months, (3) LFTs every 6 months, (4) LFTs every 12 months, (5) LFTs every 6 months and an HCV Ab test every 12 months (the NEAT-recommended strategy) [17] , (6) LFTs and an HCV Ab test every 3 months, (7) LFTs and an HCV Ab test every 6 months, (8) LFTs every 6 months and an HCV RNA test every 12 months, (9) LFTs and an HCV RNA test every 3 months, and (10) LFTs and an HCV RNA test every 6 months.
Test characteristics were from the literature [26] [27] [28] [29] [30] . We defined an elevated LFT result as an alanine aminotransferase level of >40 IU/mL [27] . The sensitivities of LFTs and HCV Ab screening were a function of time since infection. LFTs were most sensitive in the months following initial infection and decreased over time [27, 29] . Conversely, HCV Ab test sensitivity increased with time since infection [27] . The HCV RNA test was assumed to be highly sensitive and specific from the time of infection (Table 1) . Positive results of screening led to confirmatory testing, including repeat LFTs, an acute hepatitis panel (tests for HCV Ab, hepatitis A virus immunoglobulin M, and hepatitis B virus core immunoglobulin M and surface antigen), and an HCV RNA test. In the base case, we assumed that clinicians and patients followed up 75% of screening tests that had positive results [31] . In sensitivity analyses, we considered a lower follow-up percentage for mildly elevated results of LFTs than for a newly converted HCV Ab or RNA test result.
Individuals with positive results of confirmatory testing were considered HCV infected and referred for therapy. Individuals with positive HCV Ab and negative HCV RNA test results were considered to have resolved infection. Such individuals continued to undergo HCV surveillance with either LFTs or HCV RNA tests but not with additional HCV Ab tests. For strategies that included >1 screening test, we assumed conditional independence of results [20] .
HCV Disease Progression
Newly acquired HCV infection remained in the acute phase with a 13% probability of spontaneous resolution for 6 months following infection [32] . HCV infection that did not spontaneously resolve entered 3 stages of liver disease: mild to moderate fibrosis, cirrhosis, and decompensated cirrhosis [33] . Epogen, for 10% of those receiving therapy 2600
Total 3500 (2000-4000) Cost of HCV PI/mo, 2011 $US 4500 (4500-9000) [46, 65, 67, 68] Abbreviations: Ab, antibody; ART, antiretroviral therapy; HAV, hepatitis A virus; HBV, hepatitis B virus; HCV, hepatitis C virus; HIV, human immunodeficiency virus; IgM, immunoglobulin M; LFT, liver function test; OI, opportunistic infection; PEG, pegylated interferon alpha 2a; PI, protease inhibitor; RBV, ribavirin; RVR, rapid virologic response; sAg, surface antigen; SD, standard deviation; SVR, sustained virologic response. a For scenarios that included an HCV PI, we did not consider HCV genotype 2 infection (against which current PIs have no efficacy). We simplified by assuming that all genotype 2/3 infections were genotype 3 (see Methods). b Assuming an incidence of acute HCV infection of 0.51 cases/100 person-years and the sensitivity and specificity values above, the probability that a patient with a positive LFT result has true underlying acute HCV infection (positive predictive value) is approximately 0.7%. c We used multiplicative assumptions to estimate the utility of health states during HIV/HCV coinfection [69] .
At all stages, HCV infection was associated with increased resource use and decreased quality of life [34] [35] [36] [37] . When infection reached the cirrhosis stage, individuals experienced increased mortality attributable to liver disease [38] . With spontaneous resolution or successful HCV therapy, disease progression halted, and mortality, resource use, and quality of life returned to that of HIV monoinfected individuals [39] . If, however, a patient's HCV infection reached the cirrhosis stage, his mortality and resource use remained elevated, even if he achieved sustained virologic response. If an individual was reinfected with HCV, he resumed the course of fibrosis progression at the stage reached during prior infection.
Acute HCV Infection Therapy Individuals treated for acute infection were observed for 3 months, at which time, if HCV RNA remained positive, the patient was eligible to initiate therapy [40, 41] . In the base case, 81% of eligible patients elected to start treatment [42] . We modeled treatment with pegylated interferon and ribavirin (PEG/RBV) alone, as well as with an HCV protease inhibitor [43, 44] . For both regimens, individuals with undetectable HCV RNA at treatment week 4 (rapid virologic response) continued treatment for a planned 24-week course. Those who did not achieve rapid virologic response continued for a planned 48-week course [45, 46] . The HCV protease inhibitor scenario assumed therapy with a protease in combination with PEG/RBV for 3 months, followed by PEG/RBV alone to complete the planned treatment course.
The probability of achieving rapid virologic response and sustained virologic response were functions of time since infection and HCV genotype [45] . Treatment efficacy was constant throughout the acute infection phase [45] . The probabilities of rapid virologic response and sustained virologic response decreased linearly over the subsequent 6 months to reach the lower probabilities associated with chronic infection.
Chronic HCV Infection Therapy Individuals with prevalent HCV infection at enrollment in care were classified as having chronic infection. For both the PEG/RBV and protease inhibitor scenarios, we modeled response-guided therapy. We assumed that in HIV/HCV coinfected persons with HCV genotype 1/4 infection, the intended treatment duration would be 48 weeks. Individuals who achieved rapid virologic response continued to receive either a planned 48-week course of therapy (genotype 1/4 infection) or 24-week course (genotype 3 infection). Those who did not achieve rapid virologic response stopped treatment. Throughout the course of treatment for both acute and chronic HCV infection, individuals faced a risk of treatment-ending toxicity [47] .
HIV Disease Progression
We used the CEPAC (cost-effectiveness of preventing AIDS complications) model to project HIV-related outcomes [48, 49] . The HEP-CE model used the CEPAC projections as model inputs. Details of the CEPAC model and the method of linking HEP-CE and CEPAC are in the Supplementary Materials. The incidence of AIDS-related events increased with a lower CD4 cell count. Antiretroviral therapy initiation criteria included a CD4 cell count ≤500/μL or development of an AIDS-related opportunistic infection [21] . Patients receiving suppressive antiretroviral therapy experienced a rising CD4 cell count and a decreasing incidence of AIDS-related events. The rate of increase was a function of time, with larger gains in the CD4 cell count in the first 12 months. With longterm suppressive antiretroviral therapy, the CD4 cell count did not rise to >1200 cells/μL.
HIV infection increased the HCV-related fibrosis progression rate, decreased the likelihood of spontaneous clearance of HCV infection, and lowered the efficacy of therapy. We excluded antiretroviral agents that are not preferred for HCV coinfected individuals (Supplementary Table A-1) [21] . Antiretroviral therapy efficacy was the same for HIV monoinfected and HIV/HCV coinfected individuals.
Base Case Parameters
The mean cohort age was 43 years, and the mean CD4 cell count at enrollment in care was 374 cells/μL (Table 1 ) [23] . HCV infection prevalence was 9.8%, with 85% of those infections being HCV genotype 1/4 [2, 6, 10, 24] . The incidence of acute HCV infection was 0.51 cases/100 person-years [11] . The sensitivity of LFTs ranged from 71% to 76%, depending on time since infection, and LFTs were 75% specific [27, 29, 30] . The sensitivity of HCV Ab testing ranged from 25% to 95%, depending on the time since infection, and HCV Ab testing was 98% specific [27, 28] . HCV RNA testing was 96% sensitive and 99% specific from the time of infection [26] . The total probability of sustained virologic response for genotype 1/4 infections with PEG/RBV treatment ranged from 22% to 78%, depending on the time since infection [40, 45, 47, [50] [51] [52] , and from 63% to 87% for therapy with protease inhibitors [43, 44] . Base case model parameters are provided in Table 1 .
Analyses
For stable estimates, we simulated the progression of a cohort of 10 million HIV-infected MSM enrolling in clinical care and compared outcomes for each of the 10 screening strategies. For cost-effectiveness interpretation, we assumed a societal willingness to pay of $100 000/QALY gained [53] . We performed a series of deterministic and probabilistic sensitivity analyses to identify parameters that had the greatest impact on cost-effectiveness.
RESULTS
Base Case
Symptom-based screening was associated with a projected life expectancy from the time of enrollment in HIV care of 343.83 months (28.65 years undiscounted); a projected QALE of 182.84 discounted, quality-adjusted life-months (QALMs) (15.24 QALYs); and a mean discounted lifetime cost of $479 600 ( Table 2 ). All screening strategies increased life expectancy, compared with symptom-based screening, from 0.49 to 0.59 additional undiscounted life-months, improved QALE from 0.47 to 0.62 additional quality-adjusted life-months, and increased average lifetime cost from $1800 to $5000. These small individual-level benefits are expected because the majority of individuals were never HCV infected. In comparison, routine screening for HIV-infection among high-risk individuals is associated with an average per person life expectancy gain of 0.9 QALMs [49] . Among individuals who contracted HCV infection (mean age at infection, 43 years), NEAT-recommended screening resulted in a gain of 8.5
discounted QALMs, compared with symptom-based screening, at an average increased cost of $24 600/person.
Screening with LFTs every 12 months was the least costly screening strategy, compared with symptom-based screening (incremental cost $1900), but NEAT-recommended screening resulted in a larger gain in QALE at a lower cost/QALY gained ( Figure 1 ). The incremental cost-effectiveness ratio (ICER) for NEAT-recommended screening, compared with symptombased screening, was $43 700/QALY gained ( Table 2) .
Compared with NEAT guidelines, 3-month LFTs provided an additional 0.06 discounted QALMs at an additional discounted lifetime cost of $700, corresponding to an ICER of $129 700/QALY gained. All other strategies were dominated or had an ICER >$400 000/QALY gained (Figure 1 ).
Scenario With HCV Protease Inhibitor
When we repeated the analysis and assumed higher treatment efficacy and costs associated with HCV protease inhibitors, the ordering of strategies did not change, nor did their relative dominance. Because the relative benefit of early compared Abbreviations: Ab, antibody; HCV, hepatitis C virus; ICER, incremental cost-effectiveness ratio; LFT, liver function test; pegylated interferon alpha 2a; PEG/RBV, pegylated interferon and ribavirin; PI, protease inhibitor; QALY, quality-adjusted life-year; QALM, quality-adjusted life-month; RBV, ribavirin. a The term "dominated" refers to a strategy that provides lower life expectancy than another option at a higher cost or improves life expectancy at a greater cost/ QALY gained.
with late HCV treatment was smaller, however, the ICER for all strategies increased. Assuming the availability of an HCV protease inhibitor, the ICER of NEAT-recommended screening, compared with symptom-based screening, was $57 800/ QALY gained. The ICER of 3-month LFTs, compared with NEAT-recommended screening, was $229 900/QALY-gained.
Deterministic Sensitivity Analyses
The optimal interval for HCV screening was sensitive to incidence. At all incidences between 0.25 and 2.0 cases/100 person-years, assuming treatment with PEG/RBV alone as well as with an HCV protease inhibitor, the ICER of NEAT guidelines, compared with the next best alternative (which varied depending on incidence), was approximately ≤$100 000/ QALY gained ( Figure 2 ). The cost-effectiveness of 3-month LFTs, however, was more sensitive to HCV infection incidence. Assuming a willingness-to-pay of $100 000/QALY gained and acute HCV therapy with PEG/RBV alone, 3-month LFTs was cost-effective when the HCV infection incidence was >0.5 cases/100 person-years ( Figure 2 ). With the addition of an HCV protease inhibitor, performance of 3-month LFTs was cost-effective only when HCV infection incidence was >1.25 cases/100 person-years. The rate of HCV reinfection after spontaneous clearance or successful treatment affected the relationship between the cost-effectiveness of screening and the HCV infection incidence. In the analysis presented in Figure 2 , we assumed a high incidence of reinfection (10.2 cases/100 person-years), but that incidence was independent of the initial HCV infection incidence. When we allowed the incidence of reinfection to vary as a function of the initial HCV infection incidence, ICERs generally rose with increasing incidence. Assuming therapy with PEG/RBV alone, this did not change cost-effectiveness conclusions. With the availability of HCV protease inhibitors, however, when the HCV infection incidence >1.75 cases/100 person-years (corresponding to a reinfection rate of 35 cases/100 person-years), only performance of 12-month LFTs was cost-effective.
Also important was the efficacy of therapy for chronic HCV infection. More frequent screening was cost-effective with lower chronic HCV infection treatment efficacy and higher incidence (Figure 3 ). At the base case incidence of 0.51 cases/ 100 person-years, assuming use of protease inhibitor-based Strategies that lie to the right of the efficiency frontier result in either lower quality-adjusted life expectancy at higher cost than an alternative strategy or a higher cost per quality-adjusted life-year gained. All costs and quality-adjusted life expectancy were discounted at a 3% annual rate. Abbreviations: Ab, antibody; HCV, hepatitis C virus; LFT, liver function test; RNA, ribonucleic acid.
therapy that is 86% effective for treatment of acute HCV and a societal willingness to pay of $100 000/QALY gained, NEAT-recommended screening was the optimal strategy when therapy for chronic HCV infection was <80% effective. If, however, the incidence of HCV infection was ≥1.25 cases/100 person-years, as reported in some sites in Europe and the United States, performance of 3-month LFTs was the optimal strategy unless therapy for chronic HCV infection was ≥80% effective [6, 10] .
On the other hand, when the efficacy of therapy for chronic HCV infection was fixed at that of PEG/RBV and the efficacy of therapy for acute infection was varied, NEAT-recommended screening remained cost-effective, even when the efficacy of treatment for acute HCV infection was reduced to 65%.
The fibrosis progression rate in patients with HCV infection also impacted the cost-effectiveness of screening. When we assumed rapid progression to cirrhosis (median duration, 5 years), as reported in some articles, performance of 3-month LFTs became more economically appealing, with an ICER of $90 500/QALY gained, compared with NEAT-recommended screening [8] . When we extended the median time to cirrhosis to 25 years, the ICER of 3-month LFTs was $164 000/QALY gained, but NEAT-recommended screening remained costeffective ($55 300/QALY gained).
Screening with LFTs, however, was critically dependent on clinician response to elevated LFT results. In the base case, 3-month LFTs remained cost-effective, even when the specificity of LFTs for acute infection was decreased to 65%, as well as when we increased the cost of confirmatory testing of an initial positive LFT result to $200. Alternatively, if providers and patients followed-up only 50% of positive LFT results, use of 3-month LFTs was a dominated strategy, and NEATrecommended screening became the optimal approach.
Additional parameters, including the cost of HCV protease inhibitors, the sensitivity and specificity of screening tests, the cost of screening tests, and quality-of-life with HCV infection, impacted the cost-effectiveness of 3-month LFT screening, but they did not have a major effect on the cost-effectiveness of NEAT-recommended screening when varied by plausible ranges.
Probabilistic Sensitivity Analyses
In 1000 simulations that assumed treatment with PEG/RBV alone and incorporated uncertainty in HCV incidence and disease progression parameters, symptom-based screening was never the optimal strategy at a societal willingness to pay of $100 000/QALY gained, NEAT-recommended screening was the optimal strategy in 48% of simulations, and performance of 3-month LFTs was optimal in 52%. With the availability of HCV protease inhibitor-based therapy, symptom-based screening was never optimal, but NEAT-recommended screening was optimal in 60% of simulations, while 3-month LFTs screening was optimal in 40%.
DISCUSSION
Evidence-based guidelines are needed to inform screening for acute HCV infection in HIV-infected MSM [15] . This analysis demonstrates that one-time screening for prevalent HCV infection at enrollment in HIV care is not adequate. Routine periodic screening for newly acquired HCV infection extends life expectancy and is cost-effective.
Two strategies emerged from the analysis as potentially cost-effective approaches to identifying acute infection: (1) NEAT-recommended screening (6-month LFTs and a 12-month HCV Ab screen), which had an ICER ≤$100 000/ QALY gained, compared with symptom-based screening, across a broad range of assumptions about HCV infection incidence, disease progression, treatment efficacy, and costs; and (2) 3-month screening with LFTs, which was sensitive to assumptions about treatment efficacy and HCV infection incidence but was cost-effective in HCV protease inhibitor scenarios when the incidence was ≥1.25 cases/100 person-years.
As more effective therapies for chronic HCV infection become available, the optimal screening guidelines depend largely on HCV infection incidence. When the incidence is <1.25 cases/100 person-years, NEAT-recommended screening is a cost-effective policy. In areas with an HCV infection incidence ≥1.25 cases/100 person-years, 3-month LFTs are costeffective.
The incidence of HCV reinfection impacts the costeffectiveness of screening. Even with high reinfection rates (20%), we found that NEAT-recommended screening remained cost-effective. If, however, settings with high HCV infection incidence experience reinfection rates >20%, screening may only be cost-effective when coupled with interventions to reduce the incidence of reinfection.
In addition, for LFT screening to be effective, follow-up of mildly abnormal LFT results is important. When we assumed a 50% follow-up rate for abnormal LFTs, 3-month LFTs were no longer cost-effective and NEAT-recommended screening Figure 3 . A 2-way sensitivity analysis of the cost-effectiveness of screening for acute hepatitis C virus (HCV) infection as a function of HCV incidence and the probability of attaining sustained virologic response (SVR) with treatment for chronic HCV. The figure illustrates the optimal strategy for screening for acute HCV infection, with various efficacies of new agents for treating HCV infection and different HCV infection incidence rates, assuming that 86% of those treated for acute HCV infection attain SVR. The shade of the graph at the point of intersection corresponding to a given HCV incidence and chronic HCV therapeutic efficacy illustrates the optimal screening strategy, assuming a societal willingness to pay of $100 000 per quality-adjusted life-year gained. Abbreviations: Ab, antibody; HCV, hepatitis C virus; LFT, liver function test; NEAT, European AIDS Treatment Network; SVR, sustained virologic response.
was preferred. Because HCV Ab testing is poorly sensitive for diagnosing acute infection, 3-month HCV Ab screening provided little new information and did not justify the increased cost of such frequent Ab screening.
There are several limitations to this analysis. First, the model does not include secondary HCV infection cases and therefore cannot capture the public health benefits of HCV screening. Our estimates of cost-effectiveness are therefore conservative, as they include only 1 component of the potential benefits of screening. Additionally, as with any modeling study, uncertainty in model parameters can affect results. We took multiple steps, however, to minimize the impact of uncertainty and to transparently demonstrate its importance to the conclusions. We chose conservative estimates of key model parameters and performed broad 1-and 2-way deterministic sensitivity analyses, as well as probabilistic sensitivity analyses, to estimate confidence in model-based outcomes. While uncertainty exists around model parameters, decisions must be made about screening for acute HCV infection. This analysis provides an evidence-based tool to integrate the best data and formulate well-informed policy.
Acute HCV infection is a common, sexually transmitted infection in HIV-infected MSM. This study demonstrates that in well-resourced settings, one-time screening for prevalent HCV infection in HIV-infected MSM is not adequate. When the incidence of HCV infection is <1.25%, routine screening for acute HCV infection with LFTs every 6 months and an HCV Ab test annually will increase life expectancy and be costeffective. When the HCV infection incidence is ≥1.25%, screening with LFTs every 3 months is optimal.
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